Abstract| Automotive emissions are severely regulated. Since 1980, a three-way catalyst TWC has been used to convert harmful emissions of hydrocarbons, carbon monoxide, and oxides of nitrogen into less harmful gases in order to meet these regulations. The TWC's e ciency of conversion of these gases is primarily dependent on the mass ratio of air to fuel A=F i n the mixture leaving the exhaust manifold and entering the catalyst, the velocity of the exhaust mass, and the temperature of the catalyst. The goal of this paper is to develop a dynamic, control-oriented model of a TWC. First, the measurement capabilities will be described. Then, a simpli ed, dynamic catalyst model that can be determined on the basis of medium bandwidth A=F measurements and low bandwidth temperature and emission measurements will be developed and validated.
I. Introduction

A. Problem statement and motivation
California and Federal emissions regulations for 2000 and beyond, in combination with customer performance demands, are engendering signi cant mechanical design changes to the basic internal combustion engine. Examples of innovations include variable displacement engines VDE, variable cam timing VCT engines, and camless engines. These new mechanical features are resulting in a high degree of dynamic coupling, and to be operated e ectively, require sophisticated multivariable control systems 1 . The proper design of these controllers requires good delity dynamic models of the engine as well as the three-way catalyst TWC used to post-treat the engine's exhaust, or feedgas. The three major, EPA-regulated automotive pollutants are carbon monoxide C O , unburned hydrocarbons H C , and oxides of nitrogen N O x . The TWC is used to convert H C , C O , and N O x into less harmful components.
The goal of this paper is to develop a simpli ed model of the TWC that is appropriate for use in controller design for spark ignition engines. Detailed chemical and thermodynamic-based mathematical models of TWC's have been proposed in the literature 2 , 3 . While these models seem to be useful for catalyst design, they do not seem suitable for use by a control engineer. Indeed, one problem with these models in an industrial setting is that by the time one is able to determine the values of the various physical parameters in the model for a given catalyst composition, technology advancements will have already driven a change in the TWC's formulation. In addition, the models are typically given by several coupled nonlinear partial di erential equations, so working with them for control design is unwieldy.
This work will pursue a phenomenological model of the TWC that can be tuned quite rapidly to data. The model's formulation will be centered around the mass ratio of air to fuel air-fuel ratio, or A=F, since this a fundamental variable in most engine models 2 , 3 , 4 , 5 , 6 , 7 and there exist standard sensors for on-board A=F measurement.
In addition to its utility i n c o n troller design, a dynamic catalyst model may be useful in the development of improved diagnostic algorithms. The OBD-II standard second phase of EPA on-board diagnostic regulations for automobiles requires manufacturers to monitor catalyst performance and light the Check Engine light if tailpipe emission levels remain above 1.5 times the standard for a speci ed period of time. This is increasingly di cult as newer emission standards require lower and lower levels of exhaust gases at the tailpipe. To meet this requirement for ULEV ultra-low emission vehicle, this diagnostic will have to determine the di erence between a catalyst that is working at 96 e ciency which is good and 94 e ciency which is bad.
B. Outline of paper
Section II provides background information on the threeway catalyst and motivation for the modeling strategy that is pursued. Section III describes the testing facilities available for the work done in this paper. The model development is described in Section IV, and the model's performance is evaluated in Section V. Section VI concludes with a summary and highlights some remaining issues.
II. Background
A. Basics of the TWC and emissions testing Catalytic converters were rst used to post-treat exhaust feedgas in production automobiles beginning in 1975 in order to meet emission control regulations 8 . These catalysts were oxidation catalysts, also known as two-way catalysts, since they oxidized H Cand C O , converting them to C O 2 and water vapor H 2 O. In 1980, the catalytic converter was enhanced with the ability to reduce N O x as well 9 , giving rise to the so-called three-way converter. Typical modern catalysts are of the monolithic type, as pictured in Fig. 1 . In this type of converter, the exhaust gas passes through a honeycomb ceramic block, maximizing the exposed surface area. The ceramic block is covered with a thin coating of platinum, palladium, or rhodium, and mounted in a stainless steel container. is the primary oxygen storage mechanism that is built into TWC's 3 , while the mechanism of 9 is a favorable consequence of the inclusion of palladium in the catalytic material.
The dynamic modeling e ort will center on capturing the oxygen storage phenomenon, similarly to the work in 10 . The extent of this phenomenon can be appreciated from The oxygen storage capacity depends on the ow rate. At low o w rates 50 lb hr, engine idle, the TWC takes approximately twice as long to break through as it does at high ow rates. The breakthrough time steadily decreases until a mass air ow M A F rate of 80 lb hr is reached.
However, the breakthrough time at 80 lb hr remains constant through higher ow conditions. This was demonstrated in the dynamometer test cell by running the engine at various M A F rates, as high as 240 lb hr 3000 rpm and 60 ft-lb of torque. All of these higher ow rates showed the same breakthrough time as was seen at 80 lb hr. 1 The A F of the exhaust feedgas is a well-de ned quantity since mass is conserved during the combustion process. The notion of the A=F" of the tailpipe exhaust is less clear because mass is not instantaneously conserved through the TWC; indeed, oxygen is stored and released in the catalyst. By A=F for a given volume of exhaust gas at the tailpipe is meant the mass ratio of oxygen to hydrogen and carbon, whether free or combined, respectively, divided by 0.21. When applied to the feedgas, this yields the usual number. If the fuel is oxygenated reformulated gasoline, a one-to two-percent correction to this would need to be added.
III. Experimental Setup
A. General
A production platinum-palladium-rhodium TWC w as installed on the right bank of a 3.0L-4V engine in a dynamometer test cell. Two types of tests were performed on the catalyst: A=F sweeps and modulation. The A=F sweeps were controlled by software written in LabVIEW. The data acquisition computer used a National Instruments MIO-64-E3 board which allows 64 analog input channels with 12 bit resolution.
Air-fuel ratio is varied by adjusting the fuel injector pulse widths via LabVIEW. A 360-pulses-per-revolution optical encoder was mounted to the crankshaft of the engine. When a pulse width was requested, a calculation was performed to determine the crank angle at which the fuel injection should begin in order to have the desired pulse width end just prior to the opening of the intake v alve. The pulse width of each injector was trimmed at stoichiometry to effectively balance the A=F ratio on a cylinder-to-cylinder basis. The engine throttle was controlled by a stepper motor connected directly to the throttle plate. During A=F sweeps and transient tests, the throttle was held constant, maintaing roughly constant mass air ow M A F . All adjustments to the A=F were made by adjusting the fuel injector pulse width. Mass air ow is measured by a production M A Fsensor. The TWC brick temperature is measured with a thermocouple placed one inch i n to the catalytic material, and the thermocouple used to measure inlet gas temperature is positioned in the exhaust pipe just before the TWC.
B. Emission measurements and caveats
Pre-and post-catalyst emissions were simultaneously measured by two Pierburg AMA-2000 exhaust emission benches. These are comprised of several separate exhaust analyzers, and include a Flame Ionization Detector FID for total hydrocarbons and a Chemiluminescence Detector CLD for N O x , both made by Pierburg. The benches also include Rosemount l o w C O , high C O , and C O 2 analyzers, based on infrared absorption.
For the purposes of dynamic model building, it would be highly desirable to have accurate knowledge of the speed of response of the emission analyzers. To the best knowledge of the authors and their colleagues, this information is not available, and is essentially impossible to determine in a dynamometer test cell. There is anecdotal evidence to suggest that the time constant of the analyzers is slow in relation to the dynamics of the TWC. Indeed, when post-catalyst emissions have been dynamically recorded during the bag tests described in Section II-A, using instruments very similar to the Pierburgs available in the test cell, discrepancies on the order of twenty to thirty percent are common. This is partially attributed to the dynamic response of the instrumentation. According to the technical speci cations of the H Cand N O x analyzers, the 90 rise time can be as much as 2 seconds, and its measurement error at each point can be up to 1 of its current scale, regardless of the cur-rent measurement. For example, when the measurement i s at 20 of full scale, the relative measurement error can be as high as 5. Figures 9 and 10 show the TWC e ciency calculations based on the di erent measurements. Since only one set of fast analyzers was available, true fast e ciency calculations could not be performed. A rough approximation was used, though, calculated from the fast measurements of post-catalyst concentrations along with the slower precatalyst measurements. These plots show that, especially in the H Ce ciency comparison, the dynamic response of the emission data set is probably poor. The availability of measurements in a vehicle is subject to greater limitations than the laboratory environment. Instead of a linear sensor UEGO, a vehicle will typically contain a switching HEGO sensor. The HEGO sensor does not provide a linear measurement o f A=F but instead is a virtual switch 11 , indicating whether the air-fuel mixture is rich or lean but not providing a good quantitative measurement. No on-board sensors for emissions are currently available.
IV. A Phenomenological TWC Model
A. Basic structure
The goal is to construct a simpli ed model which will predict conversion e ciencies under transient conditions. The structure of the proposed TWC model is shown in Fig. 11 . The basic idea is to decompose the model into three parts: the standard steady state e ciency curves driven by tailpipe A=F, an oxygen storage mechanism to account for the modi cation of the A=F of the feedgas as it passes through the catalyst, and the thermodynamics of catalyst warm-up. The critical idea for representing the transient aspects of the TWC is that the only way for A=F to change while passing through the catalyst is for oxidation and or reduction reactions to have occurred. Hence, In order to initially validate the proposed structure, equivalent tailpipe A=F was measured for a warmed-up catalyst and run through the measured static conversion e ciencies represented in Fig. 3 . The results were then compared to measured conversion e ciencies. The agreement w as good for N O x and C Oe ciency. The measured H Ce ciency appeared to be a low-pass ltered version of the predicted conversion e ciency. After discussion with other engineers involved in emissions testing, and in light of Figs. 7 and 9, this was deemed to be primarily a measurement problem and not necessarily an invalidation of the model structure. Reference 4 discusses the fact that there may be other issues contributing to the mismatches between the test cell data and the model predictions.
In Subsections IV-B IV-D, the oxygen storage, thermodynamic, and static conversion models are described. Sec- C represents the e ective catalyst capacity," or the volume of active sites for oxygen storage, expressed in terms of the mass of oxygen that can be stored in the catalyst; describes the exchange of oxygen between the exhaust gas and the catalyst; denotes the relative air-fuel ratio, with stoichiometry at = 1 the subscript F G refers to the feedgas; and M A Fdenotes the mass air ow rate, used to approximate the ow rate of the mixture entering the TWC. The function is modeled as Table II . This e ect is only active near idle conditions. The quantity 0 :21 M A F 1 , 1 F G , which can be rearranged to 0:21M A F F G F G , represents the di erential total mass of oxygen combined or free in the feedgas with respect to stoichiometry. When multiplied by , it gives the 2 Recall the plateau in the tailpipe A=F that occurs as the feedgas is switched from lean to rich. To capture this in the model, it is necessary that f R be equal or nearly equal to one for some nontrivial range of near zero. Similarly, it is necessary that f L be equal or nearly equal to one for some nontrivial range of near one. Reference 10 contains an oxygen storage model that is similar to 10, but it does not include the nonlinear storage and release terms proposed in 11 or the correction for space velocity. As a consequence, the model of 10 cannot capture the oxygen storage plateau that is evident in Figs.  5, 6, 16, and 19 .
In order to automate the tuning process of the oxygen storage submodel against data, an optimization routine was used to adjust model parameters in a systematic fashion. The particular cost function was a sum of the mean square errors to the ve input signals shown in Fig. 15 . The square waves provided a representation of the step response characteristic, while the triangle waves provided a ramp response. Since there were signi cant di erences in these responses, the clipped triangle waves were used to obtain responses to sharper ramps, closer to steps.
The accuracy of the model in predicting tailpipe A=F f o r a w armed-up catalyst is shown in Fig. 16 . 
C. Heat transfer sub-model
In order to adequately model the conversion e ciencies of a TWC in an arbitrary drive cycle, catalyst temperature must be taken into account. Especially during cold start, catalyst temperature plays a key role in determining the light-o time. Before light-o , catalyst temperature changes are due to thermal energy absorption from the feedgas. After light-o , these temperature changes are primarily due to a combination of thermal and chemical processes. This di erence in model behavior is depicted in of the tailpipe air-fuel ratio. These functions for the speci c TWC used in this paper are plotted in Fig. 3 for a constant brick temperature. There is a narrow window o f air-fuel ratio around the stoichiometric point within which the high conversion e ciencies of all three pollutants can beachieved for a typical three-way catalyst. However, the inlet temperature, which is measured at about half an inch from the face of the rst brick of the TWC, also a ects the conversion e ciency, and the e ects are signi cant enough to make a di erence in the subsequent control design and optimization analysis 5 .
Tests were conducted to map the catalyst conversion efciency for di erent air-fuel ratio and brick temperature setpoints. The data used in this part of the modeling work were collected under steady state, warmed-up engine conditions. For each engine speed load point, the spark timing was adjusted to meet the desired temperature before a 1:0 air-fuel ratio sweep was applied. The dynamometer test data show that the H C , C O , and N O x conversion e ciencies are sensitive to the variations in temperature.
The nonlinear functions representing the static e ciency curves are derived by regressing the dynamometer test data with respect to normalized air-fuel ratio and brick temperature. The H Cconversion e ciency is then corrected by a linear function of the mass air ow rate, which accounts for the e ect of space velocity on the catalyst performance. In order to achieve better numerical results during the regression, the temperature and air-fuel ratio variables are rst normalized as follows: Figure 19 shows a comparison between test data and simulation data from the dynamic catalyst model of Section IV. At this warm condition, the feedgas A=F is the only input to the model, and the comparison is shown to be quite favorable for tailpipe A=F as well as N O x and C O conversion e ciencies. However, the model seems to underestimate the H Cconversion e ciencies during the rich portions of the test. At the time of writing, it is unknown how m uch of this error is due to modeling errors and how much of it is due to the dynamics of the emission analyzers.
The entire TWC model can be used in combination with either an engine model or actual feedgas emission data to predict tailpipe emissions 5 . Based on feedgas A=F, a tailpipe A=F estimate is calculated in the oxygen storage submodel. Then, temperature corrections are applied to the static e ciency curves. The tailpipe A=F estimate is then input to the corrected static e ciency curves, yielding TWC e ciency numbers for H C , N O x , and C O .
Given feedgas emission levels of each of these components, tailpipe emissions can then be estimated.
In order to test the predictive capability of the model, FTP emissions data were obtained from a di erent T W C of the same type as modelled in Section IV, mounted on a vehicle. A comparison to available FTP cycle data is shown in 
VI. Conclusion and Remaining Issues
A simpli ed dynamic model of a three-way catalytic converter has been developed and validated against dynamic A=F and emissions data. The model captures the funamental transient oxygen storage and thermal characteristics of the TWC, plus the standard steady state conversion e ciencies.
The preliminary validation of the model against data seems quite favorable. There are, however, many issues that remain to be investigated. For example, there are some indications that there is more going on in the TWC than just the oxygen storage, especially for rich A=F, where slow dynamics appear. When A=F is held rich for several minutes at the end of a test, a much slower settling" of A=F to a steady state value is seen. In addition, more startup data cold and hot start needs to be collected in order to expand the capability of the thermal model.
Finally, the TWC converter is clearly a distributed device. A single lumped element model has been presented in this paper. The oxygen storage model in particular can be cascaded with itself in order to better approximate the distributed nature of the catalyst. A cascaded model may also be useful for representing TWC's that are composed of multiple bricks of di erent catalytic material. Each brick could then be represented by an individual oxygen storage block.
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